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Evolutionary relationships between Archaea and eukaryotes
A phylogenomic re-analysis of sequence data strongly supports the emergence of eukaryotes from within the archaeal radiation and underlines the importance of using the most accurate approaches to reconstruct ancient divergences in the tree of life.
Simonetta Gribaldo and Céline Brochier-Armanet
T he origin of eukaryotes represents a milestone in the evolution of life that poses many challenges for evolutionary biologists. The presence of a mitochondrion of alphaproteobacterial origin in the last eukaryotic common ancestor is widely supported in the literature, albeit with uncertainties on the timing of this event and its precise contribution to the origin of eukaryotes 1 . In contrast, the evolutionary relationships between Archaea and eukaryotes have historically been the subject of heated debate 1,2 , mainly polarized around two alternative scenarios for the tree of life (ToL) ( Fig. 1 ). In the first one, the three-domains tree of life (3D) scenario, Archaea and eukaryotes would be sister lineages (that is, the first eukaryotic cell would have originated from an ancestor that preceded diversification of extant archaea). In the second one, the twodomains tree of life (2D) scenario, eukaryotes would have emerged from within the archaeal radiation (that is, they are evolutionarily closer to a specific archaeal lineage). Writing in Nature Ecology & Evolution, Williams et al. 3 conduct phylogenomic analyses using a variety of approaches and markers that show strong support for the 2D scenario, with Asgard archaea as the closest relatives of eukaryotes.
Addressing very ancient evolutionary transitions is particularly challenging. On one hand, there is an incomplete availability of sequence data that could provide information on a particular area of the ToL. On the other hand, sequences accumulate changes over time, and this leads to a progressive erosion of the historical information they contain, all the more important the farther we aim to go back in time. Furthermore, evolutionary models and approaches to reconstruct deep phylogenies have limits in handling such ancient phylogenetic signals, leading to uncertainties or artefactual inferences. In particular, it has been observed that site homogeneous models (that is, assuming the same evolutionary process across sequence sites) are outperformed by the more realistic site and branch heterogeneous models (that is, allowing each site and branch to evolve under its own substitution pattern) in resolving ancient divergences 4 . Particularly when dealing with the entire ToL, the very long branches leading to Bacteria and eukaryotes with respect to that of Archaea ( Fig. 1 ) make it particularly difficult to resolve the relationships among the three domains, and the choice of the best fitting model of sequence evolution is of primordial importance. Recent advances in the exploration of archaeal diversity 5 , combined with the use of more reliable approaches to reconstruct ancient phylogenies, have helped to alleviate these problems and provided strong support for the 2D scenario 6-10 , which was strengthened by the availability of the first genomic data from Asgard archaea, revealed to be the closest known relatives of eukaryotes 2, 11, 12 , as well as the isolation of the first member of this clade 13 .
In this issue, Williams et al. present additional phylogenomic analysis of both published and new sequence datasets using a variety of approaches. In a first approach, the authors test the effect of model selection for the support of the 2D versus 3D hypothesis by using a dataset of 35 universal markers from a recent study 14 . The conclusions are that site homogeneous models cannot discriminate (2D scenario, b) . Note that the branches of eukaryotes and Bacteria are much longer than that of Archaea, indicating a higher genetic divergence. Accurately positioning long branches in phylogenetic trees is challenging, as they tend to group together irrespectively of their true relationships, an artefact called 'long branch attraction' 4, 19 . Accordingly, the emergence of eukaryotes outside the Archaea in phylogenies supporting the 3D scenario may be the product of their artefactual attraction by the long branch of bacteria. Credit: Gareth Monger, under a Creative Commons licence CC BY 3.0. between the two topologies, while site heterogeneous models show a much better fit to the data and strongly support the 2D scenario, with eukaryotes emerging within the Asgard clade. The results are robust against different combinations of these markers selected according to their relative evolutionary rates. In a second approach, the authors set to verify whether the 2D topology may result from the inclusion of markers with different evolutionary histories in the dataset. Some of these markers, such as the universal RNA polymerases subunits, have been suggested to support a 3D ToL 14 (but see also 15 ). The results indicate that all models inadequately fit to the RNA polymerase dataset and cannot provide an unambiguous answer. This is intriguing and may be due to the different compositions of RNA polymerase machineries in Bacteria versus Archaea/eukaryotes, which could have led to divergent evolutionary constraints and a complex signal difficult to resolve 12, 15 . The 2D topology and the specific grouping of eukaryotes with Asgard archaea is also strongly supported by the analysis of two additional datasets, one containing all three domains of life, and one containing Archaea and eukaryotes only.
It has been argued that phylogenomic investigations of the ToL based on concatenated datasets of the few conserved markers that are shared widely across present-day organisms provide only a partial view 16 , and that methods based on whole genomic contents, for example supertrees or the distribution of protein folds, should be used instead. Here, Williams et al. demonstrate that the supertree approach applied on 3,199 single-copy orthologues shared between Archaea and eukaryotes is consistent with the analysis of universal markers and indeed supports a 2D topology, whereas the protein fold approach is heavily biased due to uneven distributions in eukaryotes with respect to Archaea and Bacteria, and confounded by horizontal gene transfers.
In conclusion, this work presents further compelling evidence that the most accurate methodology and best fitting models should always be used when attempting to resolve very ancient and challenging divergences. The results nicely confirm other recent studies supporting the 2D ToL hypothesis [6] [7] [8] [9] [10] and Asgard archaea as the closest relative of eukaryotes 2, 11, 12, 15 . While the authors focused specifically on the 2D versus 3D scenarios, there are now other key points that remain to be investigated. One is clarifying the precise relationships between eukaryotes and Asgards by including a larger sampling of these archaea.
Another is resolving open questions on the overall phylogeny of the Archaea, notably its deepest divergences 5 . In this respect, it is worth noting that the Euryarchaeota are not monophyletic in most of the universal phylogenies obtained by Williams et al. (the phylogeny containing only Archaea and eukaryotes is arbitrarily rooted). This is in contrast with the classical view of archaeal phylogeny 17, 18 , but in agreement with a recent phylogenomic analysis 6 . Resolving these issues is fundamental to fully retrace the evolutionary paths that eventually led to the emergence of the first eukaryotic cell from archaeal ancestors.
Overall, it is undeniable that the Archaea remain a central piece to understand the history of life and the origin of eukaryotes, and that combined efforts toward exploration of their diversity, evolution and unique biology will surely continue to bring exciting insights into our most ancient past. ❐ Simonetta Gribaldo 1 * and Céline Brochier-Armanet 2
